Triacylglycerol (TG) accumulation caused by adipose triglyceride lipase (ATGL) deficiency or very low-density lipoprotein (VLDL) loading of wild-type (Wt) macrophages results in mitochondrial-mediated apoptosis. This phenotype is correlated to depletion of Ca 2 þ from the endoplasmic reticulum (ER), an event known to induce the unfolded protein response (UPR). Here, we show that ER stress in TG-rich macrophages activates the UPR, resulting in increased abundance of the chaperone GRP78/BiP, the induction of pancreatic ER kinase-like ER kinase, phosphorylation and activation of eukaryotic translation initiation factor 2A, the translocation of activating transcription factor (ATF)4 and ATF6 to the nucleus and the induction of the cell death executor CCAAT/enhancer-binding protein homologous protein. C16:0 ceramide concentrations were increased in Atgl-/-and VLDL-loaded Wt macrophages. Overexpression of ceramide synthases was sufficient to induce mitochondrial apoptosis in Wt macrophages. In accordance, inhibition of ceramide synthases in Atgl-/-macrophages by fumonisin B1 (FB1) resulted in specific inhibition of C16:0 ceramide, whereas intracellular TG concentrations remained high. Although the UPR was still activated in Atgl-/-macrophages, FB1 treatment rescued Atgl-/-macrophages from mitochondrial dysfunction and programmed cell death. We conclude that C16:0 ceramide elicits apoptosis in Atgl-/-macrophages by activation of the mitochondrial apoptosis pathway.
The endoplasmic reticulum (ER) is a critical organelle in the induction of apoptosis and is responsible for intracellular Ca 2 þ storage. The ER provides a membranous network for protein modifications and proper protein folding and assembly. Therefore, failure of this machinery to fold newly synthesized proteins or perturbations of the ER Ca 2 þ equilibrium present unique danger to the cell, which disrupt normal cellular functions termed as ER stress. 8, 9 To combat the deleterious effects of ER stress, cells have evolved protective strategies named the unfolded protein response (UPR). This concerted and complex cellular response is mediated through three ER transmembrane receptors: protein kinase-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6). [10] [11] [12] In resting cells, all three stress receptors are associated with the ER chaperone GRP78/BiP, which maintains the receptors in an inactive state. 8 On accumulation of unfolded proteins, GRP78 dissociates from the receptors, which leads to their activation and triggers the UPR. 8, 9 During ER stress, all three arms of the UPR induce transcription of the cell death executor CCAAT/enhancer-binding protein homologous protein (CHOP/GADD153). For the upregulation of CHOP protein expression, the PERK-ATF6 branch of the UPR is essential. 8 IRE1 removes a 26-nucleotide intron from the X-box-binding protein 1 (XBP1) mRNA, previously induced by ATF6. The generated spliced XBP1 (sXBP1) encodes an active transcription factor. If the UPR has been successful, the ER returns to normal function and the cell survives. 8 In general, the UPR is a pro-survival response for reducing the accumulation of unfolded proteins and restore normal ER function. 13 However, if protein aggregation is persistent without eliminating the stress, signaling switches from prosurvival to pro-apoptotic pathways.
In macrophages, free cholesterol was shown to be a potent inducer of apoptosis. 14, 15 Free cholesterol accumulation leads to caspase-dependent externalization of phosphatidylserine and to DNA fragmentation, consistent with an apoptotic process involving the Fas pathway and mitochondrial dysfunction. 16, 17 Cholesterol trafficking to ER membranes, resulting in activation of the CHOP arm of the UPR, was found to be the key signaling step in cholesterol-induced apoptosis in macrophages with the engagement of the type A scavenger receptor as a prerequisite. 18, 19 Macrophage foam cell formation by an excessive accumulation of cholesteryl esters is an early event in the pathogenesis of atherosclerosis. Cholesteryl ester accumulation, however, does not induce apoptosis. 16 We have recently demonstrated that high intracellular triacylglycerol (TG) concentrations in macrophages from adipose triglyceride lipase-deficient (Atgl-/-) mice and in very low-density lipoprotein (VLDL)-loaded wildtype (Wt) macrophages trigger programmed cell death, involving mitochondrial dysfunction and activation of the mitochondrial apoptosis pathway. 20 ATGL catalyzes the initial step of TG hydrolysis in several tissues [21] [22] [23] including macrophages. 24 ATGL deficiency in mice results in increased fat mass because of an 80% reduction in TG hydrolase activity and a concomitant TG accumulation in cardiomyocytes, leading to heart failure and premature death. 25 This study was designed to elucidate the mechanism responsible for programmed cell death in macrophages lacking ATGL. We provide evidence that increased ceramide synthesis triggers the mitochondrial apoptosis pathway resulting in mitochondrial dysfunction. Although ER stress still persists after inhibition of CerS activity by fumonisin B1 (FB1), Atgl-/-macrophages are rescued from apoptotic cell death. Our data suggest that predominantly mitochondriabased apoptotic signaling is implicated in programmed cell death of murine macrophages.
Results
TG accumulation triggers the UPR. To investigate whether ER stress (and concomitantly the UPR) might be implicated in apoptosis of Atgl-/-macrophages, we first determined the mRNA expression of the stress sensor Grp78/BiP. We found Grp78 mRNA to be significantly increased in Atgl-/-and VLDL-loaded Wt macrophages (2.0-and 2.5-fold, respectively) ( Figure 1a ). In addition, mRNA levels of other ER-resident chaperones (Pdi and Erdj4) were increased. As a consequence, we observed increased abundance of phosphorylated (p)PERK, which was not the case in untreated Wt macrophages (Figure 1b) . Phosphorylation of the PERK substrate eukaryotic translation initiation factor (eIF)2a was increased by 2.9-fold in Atgl-/-and by 2.7-fold in VLDL-loaded Wt macrophages, respectively (Figure 1b) . p-eIF2a generally shuts down synthesis of most cellular proteins, whereas the translation of the ATF4 transcription factor is specifically induced. 26 Accordingly, the protein expression of ATF4 was increased in the nuclear fractions of Atgl-/-and VLDL-loaded Wt macrophages (Figure 1c ). Using immunofluorescence, we observed ATF4 to be located in the cytosol of Wt macrophages, whereas ATF4-specific staining was found in the nucleus of Atgl-/-and VLDL-loaded Wt macrophages (Figure 1d and Supplementary Figure S1 ), indicating the activation of ATF4. We next assessed ATF6 mRNA expression in all macrophages, which was increased in Atgl-/-and VLDL-loaded Wt macrophages (5.1-and 13.0-fold, respectively) (Supplementary Figure S2) . Immunofluorescence analysis revealed ATF6 to be localized in the Golgi and nucleus of Atgl-/-and VLDL-loaded Wt macrophages but the lack of ATF6 translocation to the nucleus in Wt macrophages ( Figure 1e and Supplementary Figure S3) . One target of ATF4 and ATF6 activation is the CHOP promoter, 26 which appears to have a role in the induction of apoptosis during ER stress. CHOP protein expression was induced in both Atgl-/-and VLDL-loaded Wt macrophages but was absent in untreated Wt macrophages (Figure 1f ). These findings indicate that the PERK/ATF4/ATF6 arm of the UPR is responsible for CHOP induction in Atgl-/-and VLDL-loaded Wt macrophages.
Lack of IRE-1a pathway activation in Atgl-/-macrophages. Next, we analyzed the protein expression of IRE1a as the third stress receptor. We found high IRE1a expression in Atgl-/-and VLDL-loaded Wt macrophages (Figure 2a) . Generally, IRE1a phosphorylation activates XBP1 splicing. Surprisingly, we failed to detect any splicing of XBP1 in Atgl-/-and VLDL-loaded Wt macrophages (Figure 2b ). Tunicamycin-treated Wt macrophages were used as positive control. XBP1 splicing depends on IRE1a phosphorylation and on the availability of XBP1 and ATF6. XBP1 mRNA was markedly reduced in Atgl-/-and VLDLloaded Wt macrophages (Figure 2c ). This finding suggests that the reduced abundance of XBP1 results in lack of XBP1 splicing. As a consequence, XBP1 itself is not involved in ER stress of Atgl-/-and VLDL-loaded Wt macrophages.
ATGL deficiency induces ceramide accumulation in macrophages. Studies in cancer cells defined ceramide as a biochemical mediator of ER stress. 27 We therefore determined ceramide concentrations in Atgl-/-and VLDLloaded Wt macrophages. Although total ceramide levels were elevated, there was no significant change between Atgl-/-, VLDL-loaded Wt and Wt macrophages (Figure 3a) . However, we observed a marked increase in C16:0 ceramide (Figure 3b ). To analyze that ceramide synthase might be involved in the accumulation of C16:0 ceramide in Atgl-/-TG-induced apoptosis requires C16 ceramide E Aflaki et al macrophages, we determined mRNA levels of CerS1, 2, 4, 5 and 6. CerS1 was not expressed in macrophages. CerS2 mRNA expression was not significantly changed between the cells. Although CerS5 and CerS6 expression were more associated with C16:0 ceramide levels than CerS4 in vitro, 6 we observed mRNA levels of CerS4, 5 and 6 to be highly increased in Atgl-/-(8.4-, 11.9-and 15.6-fold, respectively) and VLDL-loaded Wt (3.9-, 8.0-and 5.4-fold, respectively) compared with untreated Wt macrophages (Figure 3c ). In contrast, mRNA levels of acid ceramidase (Asah1) were markedly decreased in Atgl-/-and VLDL-loaded Wt macrophages (98% and 62%, respectively) ( Figure 3d ). The abundance of neutral ceramidase (Asah2) was not significantly changed in Atgl-/-and VLDL-loaded Wt macrophages. These data indicate that both increased ceramide synthesis and reduced ceramide catabolism are involved in increased ceramide concentrations in Atgl-/-macrophages.
As ceramide accumulation is known to have an impact on the MAPK pathway, we determined p38 and Akt phosphorylation in Wt, Atgl-/-and VLDL-loaded Wt macrophages. We found comparable protein expression of total p38 and Akt in all macrophages, whereas phosphorylation of p38 and Akt was markedly decreased in Atgl-/-and VLDL-loaded Wt compared with untreated Wt macrophages (Figure 3e ). These data indicate that CerS4, 5 and 6 are involved in mitochondrial apoptosis of murine macrophages by an increased ceramide production of particularly C16:0 ceramide.
Inhibition of C16:0 ceramide accumulation rescues
Atgl-/-macrophages from apoptotic cell death. To elucidate the impact of ceramide synthases on apoptosis in Atgl-/-macrophages, we inhibited ceramide synthesis by treating the cells with FB1 and determined annexin V and PI co-staining. In macrophages from Wt mice, we found 2.5% annexin V-positive cells indicative of cells undergoing apoptosis, whereas comparable with our previous observations 20 Atgl-/-macrophages exhibited 9.6% apoptotic cells ( Figure 5a ). Treatment of Atgl-/-macrophages with FB1 mainly rescued the apoptotic phenotype resulting in 4.1% apoptotic cells. The number of PI-positive cells, however, was unchanged in FB1-compared with untreated Atgl-/-macrophages ( Figure 5a ). Total ceramide concentrations were unchanged showing comparable amounts in Wt, Atgl-/-and FB1-treated Atgl-/-macrophages ( Figure 5b ). Notably, C16:0 ceramide was decreased by 56% in FB1-treated compared with untreated Atgl-/-macrophages, reaching similar levels as Wt macrophages (Figure 5c ). C22:0, C24:0, C24:1 and C24:2 ceramide levels were comparable to the levels in Wt macrophages. C18:0 ceramide, however, was markedly higher in Atgl-/-macrophages after FB1 treatment. mRNA levels of CerS4, 5 and 6 were significantly reduced in FB1-treated compared with untreated Atgl-/-macrophages and were comparable to mRNA expression in Wt macrophages ( Figure 5d ). As TG concentrations were unaffected by FB1 treatment (Figure 5e ), we conclude that TG themselves are not lipotoxic but the increased formation of ceramides (specifically C16:0 ceramide) leads to apoptotic cell death in Atgl-/-and VLDL-loaded Wt macrophages.
Inhibition of ceramide synthesis does not modulate ER stress in Atgl-/-macrophages. To assess the impact of ceramide accumulation on ER stress in Atgl-/-macrophages, we investigated GRP78/BiP mRNA levels, the activation of eIF2a and IRE1a and the protein expression of CHOP after incubation with FB1. As shown in Figure 6a , GRP78/BiP mRNA expression was similarly elevated in untreated and FB1-treated Atgl-/-compared with Wt macrophages. Although still activated, quantification of western blotting experiments revealed that the presence of FB1 resulted in reduced phosphorylation of eIF2a and less IRE1a protein expression compared with untreated Atgl-/-macrophages ( Figure 6b ). CHOP protein expression was still induced in FB1-loaded Atgl-/-macrophages. These results indicate that inhibition of ceramide synthesis is unsuccessful in complete attenuation of ER stress in Atgl-/-macrophages. As depletion of ER Ca 2 þ stores is a potent inducer of the UPR, 18, 28 we explored whether disturbances of ER Ca 2 þ homeostasis are involved in the ER stress response of FB1-loaded Atgl-/-macrophages. The ER Ca 2 þ content of intact single Wt, Atgl-/-and FB1-treated Atgl-/-macrophages was visualized by measuring the cytosolic Ca 2 þ elevation in response to ER Ca 2 þ release using the sarcoplasmic/ER Ca 2 þ ATPase (SERCA) inhibitor 2,5-di-t-butyl-1,4-benzohydroquinone (BHQ) in Ca 2 þ -free medium. Cytosolic Ca 2 þ levels in FB1-treated Atgl-/-macrophages were lower than those in untreated Atgl-/-macrophages but were still substantially higher compared with Wt macrophages (Figure 6c ). The ER Ca 2 þ content was reduced by 75% in Atgl-/-macrophages, whereas FB1-treated Atgl-/-macrophages showed comparable ER Ca 2 þ content as Wt macrophages (Figure 6d ). In addition, basal Ca 2 þ concentrations, which were increased by 2.9-fold in Atgl-/-compared with Wt macrophages, were still 2.2-fold elevated in FB1-treated Atgl-/-macrophages (Figure 6e ). These data indicate improved but still defective ER Ca 2 þ homeostasis in Atgl-/-macrophages after FB1 treatment, causing persistent ER stress.
Inhibition of ceramide accumulation rescues Atgl-/-macrophages from mitochondrial dysfunction. Next, we checked whether inhibition of the CerS enzymes by FB1 has an effect on mitochondrial dysfunction of Atgl-/-macrophages. For this purpose, we analyzed protein expression levels of pro-apoptotic BAX and anti-apoptotic BCL2. BAX expression and cytochrome c release were reduced and BCL2 expression was increased in FB1-treated Atgl-/-macrophages showing comparable expression levels Figure 3 Ceramide accumulation in TG-rich macrophages. Concentrations of (a) total ceramide and (b) ceramide species in Wt, Atgl-/-and VLDL-loaded Wt macrophages were assessed by LC/MS. Data are expressed as means (n ¼ 7-9) of two independent experiments±S.E.M. **Pr0.01, ***Pr0.001; # Po0.05, ## Pr0.01. mRNA expression levels of (c) CerS2, 4, 5 and 6, and (d) Asah1 and Asah2, including normalization to hypoxanthine-guanine phosphoribosyltransferase (HPRT), were determined by real-time PCR. Data are expressed as means (n ¼ 3) of two independent experiments±S.E.M. *Po0.05, **Pr0.01, ***Pr0.001; # Po0.05. (e) Western blot analysis in macrophage lysates from Wt, Atgl-/-and VLDL-loaded Wt macrophages using specific antibodies for total and phosphorylated (p) p38 and Akt. Protein expression of pAkt and p-p38 were quantified relative to total protein expression. Data are presented as means of two independent experiments ± S.E.M.
as Wt macrophages (Figure 7a ). In addition, FB1 treatment was associated with increased mRNA levels of NADH/ ubiquinone oxidoreductase (complex I) and decreased mRNA abundance of the NADPH oxidase activator (Noxa1), which triggers the generation of superoxide anion, compared with untreated Atgl-/-macrophages (Figure 7b ). MitoTracker staining and electron microscopy displayed morphological changes in mitochondria compared with untreated Atgl-/-macrophages, in which mitochondria were fragmented and electron-light (Figure 7c ). Quantification of the size revealed that mitochondria in Atgl-/-macrophages were 51% smaller than in Wt macrophages.
This difference was totally abolished after incubation with FB1, which resulted in mitochondria of comparable size as observed in Wt macrophages (Figure 7d ). These findings demonstrate that inhibition of ceramide synthesis by FB1 treatment eliminates mitochondrial dysfunction and mitochondrial apoptosis in Atgl-/-macrophages.
Discussion
Intracellular TG hydrolysis by ATGL is required to generate fatty acids, 24 which are transported across the mitochondrial membranes by carnitine-palmitoyl transferase 1 and 32 revealed that the Fas pathway (through induction of the Fas receptor) and the mitochondrial pathway (through accumulation of mitochondrial Ca 2 þ ) are linked via calcium/calmodulin-dependent protein kinase II in ER-stressed macrophages. We therefore hypothesized that apoptosis in Atgl-/-macrophages and in Wt macrophages loaded with VLDL was the consequence of activation of various apoptosis pathways.
Evaluation of UPR activation in Atgl-/-and VLDL-loaded Wt macrophages showed an induction of CHOP, indicating the accumulation of unfolded or misfolded proteins in the ER. Although the UPR is primarily an ER repair mechanism, CHOP triggers apoptosis in the absence of a functional cell repair. 18, 33 The UPR starts when GRP78/BiP dissociates from PERK, IRE1 and ATF6, and instead binds to accumulating unfolded proteins. 34 Dissociation of GRP78/BiP results in PERK, IRE1 and ATF6 homodimerization and oligomerization to an active state, which as a consequence triggers apoptosis. Atgl-/-macrophages and VLDL-loaded Wt cells showed an increase in activated PERK, resulting in increased TG-induced apoptosis requires C16 ceramide E Aflaki et al phosphorylation of eIF2a and subsequent nuclear CHOP protein expression. Translocation of ATF4 and ATF6 from the cytosol and/or Golgi to the nucleus demonstrates that these two arms of the UPR are activated in Atgl-/-macrophages. The protein expression of IRE1a was also highly increased in both Atgl-/-and VLDL-loaded Wt macrophages but failed to result in XBP1 splicing. In cells undergoing ER stress, oligomerization of IRE1 generally leads to trans-autophosphorylation and activation of its RNAse domain to excise a 26-nt sequence from uXBP1, producing mature sXBP1. 35 Our finding might be explained by the drastically reduced mRNA expression of uXBP1 in Atgl-/-and VLDL-loaded Wt macrophages. From these observations, we conclude that ER stress in macrophages is mainly depending on the activation of the PERK/ATF4 and ATF6 arms of the UPR, resulting in the induction of CHOP expression.
ER stress activation is frequently accompanied by depletion of ER Ca 2 þ stores as potent inducers of the UPR and Ca 2 þ release into the cytosol. 8, 28 We therefore hypothesized that one possibility how high intracellular TG content may induce ER stress is the disturbance in Ca 2 þ homeostasis. Both Ca 2 þ overload and depletion of the ER Ca 2 þ pool can result in changes in protein folding and ER stress. 36 Basal cytosolic Ca 2 þ levels were markedly increased in Atgl-/-macrophages, whereas the ER Ca 2 þ content was reduced. As an interaction between signals from ceramide and Ca 2 þ exists in different cell types 37, 38 and ceramide induces ER stress and apoptosis in human cancer cells, 27 we determined ceramide concentrations. Although total ceramide concentrations were comparable in Wt, Atgl-/-and VLDL-loaded Wt macrophages, we observed a specifically significant increase in C16:0 ceramide. De novo-generated C16 ceramide contributes to spontaneous neutrophil apoptosis by acting upstream of caspase-3 activation. 7 In Ramos B cells, de novogenerated C16 ceramide is involved in mitochondrial damage, resulting in downstream activation of caspases and apoptosis. 39 Overexpression of either CerS4, 5 or 6 resulted in increased BAX protein levels in murine Wt macrophages, whereas BCL2 protein expression was decreased. C16:0 ceramide concentrations were markedly increased compared with mock-transfected Wt macrophages and were similar or even higher when compared with Atgl-/-macrophages. Accordingly, we observed an increased amount of apoptotic and necrotic cells compared with mock-transfected macrophages. The number of dead cells, however, lacks a direct association with mRNA expression levels of CerS4, 5 and 6. This discrepancy might be explained by differences between mRNA levels and protein expression and/or activity. As overexpression of either CerS resulted in increased C16:0 ceramide and apoptosis with induced BAX and reduced BCL2 expression, we conclude that C16:0 ceramide is the apoptotic trigger in murine macrophages. C16 ceramide may also augment the execution of apoptosis by the inactivation of pro-survival pathways. Ceramide has been shown to activate ceramide-activated protein phosphatase leading to the dephosphorylation of Akt, 40 which may have profound effects on the activities of downstream factors implicated in the regulation of apoptosis. By activation of ceramide-activated protein phosphatase, ceramide negatively regulates pro-growth kinases such as p38. 41 Phosphorylation of both Akt and p38 were markedly reduced in Atgl-/-and VLDL-loaded Wt macrophages, suggesting that these kinases are indirectly inhibited by increased C16:0 ceramide concentrations in these cells.
Treatment with FB1, which we used as an inhibitor for ceramide synthesis, normalized the mRNA levels of CerS4, 5 and 6 in Atgl-/-macrophages and decreased the amount of C16:0 ceramide to Wt levels. This reduction was accompanied by rescue of Atgl-/-macrophages from apoptotic cell death, as indicated by a decrease in externalization of phosphatidylserine, BAX protein expression and cytochrome c release and an increase in BCL2 protein expression. The amount of PI-positive cells, however, was unaffected by FB1 treatment, suggesting that a small amount of cells are still prone to necrosis. This might, at least in part, be due to the still persisting ER stress in FB1-treated Atgl-/-macrophages with remaining eIF2a and IRE1a activation. As ceramide synthase inhibition by FB1 treatment reduced but failed to abolish ER stress, we conclude that other mediators of ER stress must be present in Atgl-/-macrophages. One possible explanation might be defective Ca 2 þ homeostasis in FB1-treated Atgl-/-macrophages as revealed by substantially higher basal cytosolic Ca 2 þ levels compared with Wt macrophages. We therefore hypothesize that disturbances of ER Ca 2 þ homeostasis are involved in the ER stress response of FB1-loaded Atgl-/-macrophages. Our results suggest that ER stress itself is not the trigger of apoptotic cell death in Atgl-/-macrophages because FB1 treatment rescued the cells from programmed cell death without eliminating ER stress responses. Our data indicate that C16:0 is essential and sufficient for TG-mediated mitoapoptosis. Although the exact mechanism is still elusive, we hypothesize that the absence of ATGL or the presence of high concentrations of VLDL leads to a shift in ceramide metabolism, resulting in increased sphingosine formation, which is catabolized to C16:0 ceramide within mitochondria. 42 The increased concentration of C16:0 in the mitochondria then leads to apoptotic cell death in Atgl-/-and VLDL-loaded Wt macrophages. Importantly, our data demonstrate that FB1 treatment of Atgl-/-macrophages rescued the cells from mitochondrial dysfunction, indicating that inhibition of C16:0 ceramide synthesis is sufficient to cure Atgl-/-macrophages from programmed cell death.
Materials and Methods
Animal studies. Atgl-/-mice were generated and genotyped as described elsewhere. 25 Wt and Atgl-/-mice were kept on a standard chow diet (4.5% w/w fat; Ssniff, Soest, Germany) on a regular 12-h dark-light cycle. All studies were performed with male Atgl-/-mice and Wt littermates backcrossed at least seven times on a C57Bl/6 genetic background. Animal experiments were performed in accordance with the standards established by the Austrian Federal Ministry of Science and Research, Division of Genetic Engineering and Animal Experiments (Vienna, Austria).
Cell culture. Macrophages were harvested from the peritoneum of 8-to 10-week-old male Atgl-/-and Wt mice 3 days after intraperitoneal injection of 2.5 ml 3% thioglycolate medium. Cells were transferred into six-well dishes containing Dulbecco's modified Eagle's medium (DMEM) (Gibco, Invitrogen, Vienna, Austria). After 2 h, non-adherent cells were aspirated, adherent macrophages were washed three times with PBS and cultivated in DMEM containing 10% lipoprotein-deficient serum (LPDS) and 100 mg/ml penicillin/streptomycin for 24 h. Wt macrophages were incubated with 150 mg VLDL/ml for 24 h. VLDL was isolated from human plasma by density gradient ultracentrifugation. 43 To inhibit ceramide synthesis, Atgl-/-macrophages were treated with 10 mM FB1 (Calbiochem, Darmstadt, Germany) for 12 h.
TG concentrations in macrophages. Lipids from macrophages were extracted as described. 24 TG concentrations in 25 ml aliquots were determined enzymatically (Diagnostic Systems, Holzheim, Germany).
Real-time PCR. Total RNA was isolated from macrophages using peqGOLD kit (PeqLab, Vienna, Austria) according to the manufacturer's instructions. Two mg of total RNA were reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Vienna, Austria). Quantitative real-time PCR was performed on an ABI prism 7900 real-time PCR instrument (Applied Biosystems) using the QuantiFast SYBR Green PCR kit (Qiagen, Hilden, Germany). Primer sequences are available on request. Data are displayed as expression ratios of genes of interest normalized to the expression of hypoxanthine-guanine phosphoribosyltransferase as internal reference in each sample. Quantitative realtime PCR data were analyzed by the 2
ÀddCt method.
Isolation of cytosolic and nuclear fractions. Mitochondria-and nucleus-free cytosolic fractions of macrophages were isolated using Benchtop mitochondria isolation kit (MitoSciences, Eugene, OR, USA) according to the manufacturer's instructions. Cytosolic and nuclear extracts were prepared by resuspending the cells in a buffer containing 10 mM HEPES pH7.9, 50 mM NaCl, 0.1 mM EDTA, 0.5 M sucrose, 0.5% Triton X-100, 1 mM DTT, 100 mM NaF, 1 mM PMSF, 4 mg/ml aprotinin and 2 mg/ml pepstatin. After 5-min incubation on ice, the lysates were centrifuged at 1 000 r.p.m. for 10 min. The supernatant was centrifuged at 14 000 r.p.m. for 15 min. The supernatant (cytosolic fraction) was used to detect to detect BAX, BCL2, cytochrome c, p-eIF2a, eIF2a, PERK and IRE-1. The pellet from the 1 000 r.p.m. centrifugation step was washed with washing buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, 4 mg/ml aprotinin and 2 mg/ml pepstatin). Thereafter, the pellet was resuspended in a buffer containing 10 mM HEPES pH 7.9, 50 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% NP40, 1 mM DTT, 1 mM PMSF, 4 mg/ml aprotinin and 2 mg/ml pepstatin and centrifuged at 14 000 r.p.m. for 10 min at 4 1C. The supernatant containing nuclear proteins was used to detect CHOP, ATF4 and ATF6. Anti-TBP antibody was used as nuclear marker 14 000 r.p.m. for 15 min. The supernatant (cytosolic fraction) was used.
Western blotting analysis. A total of 40 mg of cytosolic and 35 mg of nuclear fractions were separated on 12.5% or 18% SDS polyacrylamide gel by electrophoresis and electroblotted onto nitrocellulose protran BA85 membranes (Whatman, Vienna, Austria). The blots were blocked in 5% BSA plus 0.1% Tween-20 and incubated with the following primary polyclonal antibodies (if not stated otherwise): anti-rabbit PERK (1 : 500), eIF2a (1 : 1000), p-eIF2a (1 : 1000), IRE1a (1 : 800), monoclonal anti-mouse CHOP (1 : 500), BAX (1 : 1000), BCL2 (1 : 1000), cytochrome c (1 : 1000) (all purchased from Cell Signaling Technology, Danvers, MA, USA), ATF4 (1 : 1000), ATF6 (1 : 1000), TBP (1 : 1000) (Abcam, Cambridge, UK) and monoclonal anti-mouse b-actin (1 : 1000) (Santa Cruz Biotechnology, Heidelberg, Germany). All blots were incubated overnight at 4 1C. The horseradish peroxidase-conjugated goat anti-rabbit (1 :5000) (Santa Cruz Biotechnology) and rabbit anti-mouse antibodies (1 : 1000) (Dako, Glostrup, Denmark) were visualized by enhanced chemiluminescence detection (ECL Plus; Amersham Biosciences, Piscataway, NJ, USA) on an AGFA Curix Ultra X-Ray film (Siemens, Graz, Austria).
Apoptosis assay. Apoptosis in Wt, Atgl-/-, VLDL-loaded Wt and FB1-treated Atgl-/-macrophages cells was assayed by annexin V and PI co-staining using Annexin-V-FLUOS Staining Kit (Roche, Vienna, Austria) as described. 20 Pictures were taken by fluorescence microscopy (Zeiss Axioskop; Carl Zeiss GmbH, Vienna, Austria) equipped with a 10X objective and filters appropriate for fluorescein (annexin V) and rhodamine (PI). For quantification, three fields of cells for each condition were counted. The number of annexin V/PI-positive cells in each field is expressed as the percentage of these cells per total cells counted. Ceramide measurements. Macrophages from Wt mice in the absence or presence of VLDL (150 mg/ml) and macrophages from Atgl-/-mice in the absence and presence of FB1 (10 mM for 12 h) were cultured in 12-well plates in DMEM at B80% confluence. The cells were washed twice with PBS and scraped with 500 ml PBS. After centrifugation (5 min at 5 000 r.p.m.), the pellet was resuspended in chloroform/methanol/water/pyridin (60 : 30 : 6 : 1, v : v : v : v). Ceramides were extracted by incubating the samples at 37 1C for 24 h in a shaking water bath. Denatured proteins were removed by passing the samples through cotton wadding. The solvent was evaporated under a stream of nitrogen. The pellets were dissolved in 2.5 ml methanol and NaOH was added to a final concentration of 100 mM. After shaking for 2 h at 37 1C, samples were neutralized by the addition of 10 ml concentrated acetic acid. Finally, the solvent was evaporated under a stream of nitrogen. The extract was dissolved in 50 ml chloroform. Chloroform was evaporated under a stream of nitrogen and the lipids were redissolved in 50 ml chloroform/ methanol ( Transfection of murine macrophages. Bone marrow-derived cells were collected from Wt femurs and tibias by flushing the bones with sterile medium (DMEM, 10% LPDS, 50 mg/ml penicillin and 50 mg/ml streptomycin). The cells were washed extensively and resuspended in medium containing 10 ng/ml macrophage colony-stimulating factor (M-CSF) (R&D system, Vienna, Austria) to differentiate monocytes into macrophages. After 3 days, the cells were washed carefully with PBS. The homogeneity of the population was determined by FACS analysis (FACSCalibur flow cytometer; BD Biosciences, San Jose, CA, USA) using F4/80 antibody (eBioscience, Vienna, Austria). Transfection was performed at the third day of differentiation using jetPEI-Macrophage (Polyplus-transfection SA, Illkirch, France) in the presence of serum and M-CSF according to the manufacturer's instruction. Plasmids containing full-length cDNAs of CerS4 (in pCMV-SPORT6), CerS5 (in pYX-Asc) and CerS6 (in pCMV-SPORT6) were purchased from Invitrogen.
Cytosolic Ca 2 þ measurements. Cells grown on coverslips in six-well dishes were loaded with 4 mM fura-2 (Molecular Probes, Eugene, OR, USA) and sulphinpyrazone (250 mM) (Sigma-Aldrich, Vienna, Austria) at room temperature for 30 min as described. 18, 20 After 100 s, 15 mM of the SERCA inhibitor BHQ was added to empty endoplasmic Ca 2 þ pools into the cytosol. Fluorescence images (510 nm emission after alternate 340 and 380 nm excitation) of 300 cells were collected by fluorescence microscopy. Each image was corrected for background fluorescence and the 340 : 380 nm fluorescence ratios of individual cells were calculated.
Mitochondria and lipid droplet staining. Mitochondria of Wt, Atgl-/-and FB1-treated Atgl-/-macrophages were stained with 0.5 mM MitoTracker Green (Molecular Probes, Invitrogen) (37 1C, 5 min). Lipid droplets were visualized using Nile Red (2.5 mg/ml) staining. Z-stacks were recorded using a Leica SP5 AOBS confocal microscope (Leica Microsystems, Vienna, Austria).
Statistics. Statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA, USA). The significance of paired data was determined by Student's t-test. Data with 42 groups or Z2 independent variables were analyzed by ANOVA, followed by the Bonferroni post-hoc test. Significance levels were set at *Po0.05,**Pr0.01 and ***Pr0.001.
